The mechanisms by which Mycobacterium tuberculosis elicits disease are complex, involving a large repertoire of bacterial genes that are required for in vivo growth and survival. To identify such genes, we utilized a high-throughput microarray detection method to rapidly screen hundreds of unique, genotypically defined transposon mutants for in vivo survival with a high degree of specificity and sensitivity. Thirty-one M. tuberculosis genes were found to be required for in vivo survival in mouse lungs. These genes are involved in a broad range of activities, including metabolism, cell wall functions, and regulation. Our screen included 11 of the 12 known members of the mycobacterial membrane protein (mmpL) family genes, and mutation of 6 of these genes-mmpL4, mmpL5, mmpL7, mmpL8, mmpL10, and mmpL11-severely compromised the ability of the mutants to multiply in mouse lungs. Most of the 31 genes are conserved in other pathogenic mycobacteria, including M. leprae and M. bovis, suggesting that a core of basic in vivo survival mechanisms may be highly conserved despite the divergent human pathology caused by members of the mycobacterial genus. Of the 31 genes reported here, 17 have not been previously described to be involved in in vivo growth and survival of M. tuberculosis.
Tuberculosis is a major global health problem (14) and yet the basic mechanisms by which Mycobacterium tuberculosis, in contrast to other related mycobacteria, successfully establishes infection, multiplies, and persists in mammalian lungs are not well understood. Identification of genes essential for growth and survival in vivo would provide insight into the pathogenesis of tuberculosis.
The genomic era has ushered in a number of innovative approaches for identifying genes associated with bacterial pathogenesis within the mammalian host. These have included in vivo expression technology and differential fluorescence induction (21, 31) , which are based on identifying genes whose expression is upregulated upon entry of the bacterial pathogen into the mammalian host. Signature-tagged mutagenesis offered a novel, high-throughput, subtractive approach to compete pools of tagged bacterial mutants for survival within the mammalian host seeking mutants which dropped out during the infection process (15) . Signature-tagged mutagenesis of M. tuberculosis was performed by using IS1096-based mutagenesis system (5, 10) ; however, these analyses were limited by the fact that the insertion sequence (IS) element used for mutagenesis harbored a predilection for insertion into AT-rich sequences, and the target sites were not defined, thus making it suboptimal for targeting a large number of genes. Recently, a highly random Mariner-derived transposon was developed for mutagenesis of mycobacterial genomes (1, 23) . This transposon, Himar1, requires only the sequence TA for insertion and thus may insert in all but 16 of the 4,250 known open reading frames of M. tuberculosis. Since Himar1 has a defined target sequence, it is possible to map all susceptible sites a priori. In addition, it has been demonstrated that this transposon inserts randomly in M. tuberculosis strains H37Rv (25) and CDC1551 (20) . A procedure known as TraSH (transposon site hybridization) has been developed for the subtractive detection of attenuated transposon mutants based upon microarray detection. Screening large pools of undefined Himar1 mutants, this technique has identified 194 genes of M. tuberculosis required for bacterial survival in mouse spleens (27) .
We describe here a high-throughput, high-sensitivity approach for subtractive identification of mutants attenuated for survival in animal tissues which implements previously archived collections of defined M. tuberculosis Himar1 transposon mutants. Using this method, known as DeADMAn (for designer arrays for defined mutant analysis), we rapidly screened 530 archived M. tuberculosis Himar1 transposon mutants and identified 31 which are significantly attenuated for 7-week survival in mouse lungs. Seventeen of these genes have not been previously implicated in in vivo growth and survival of M. tuberculosis. The DeADMAn methodology is semiquantitative and, since it is based on an archived collection, offers the advantage of retaining each mutant for subsequent study.
MATERIALS AND METHODS

Growth and construction of pools of mutants.
A clinical isolate of M. tuberculosis, CDC1551 (32) was used as the host strain, and a defined collection of Himar1 transposon mutants previously archived was used in the present study (20) . Each mutant was grown separately in Middlebrook 7H9 liquid medium (Difco) supplemented with 0.2% glycerol, 0.05% Tween 80, 10% ADC (0.5% bovine serum albumin, 0.2% dextrose, and 0.085% NaCl) at 37°C. Mutants that harbored a transposon in the region upstream of the terminal 100 bp (or if the gene was Ͻ 500 bp in length, within the 5Ј 80% of the gene) were considered for screening to decrease the likelihood of selecting distal mutations which may not disrupt gene product function. Six pools (A though F), each containing between 61 and 100 randomly selected mutants, and a pool of 18 deliberately chosen mutants (mmpLS, Table 2 ) were prepared by combining a pure culture of each mutant grown to approximately the same optical density (0.8 to 1.0). Only mutants whose in vitro growth was similar to that of wild type were used for the present study.
In vivo infection. Seven groups of BALB/c mice were infected with different pools via the tail vein with ϳ10 6 CFU/mouse. Three mice per group were sacrificed at days 1, 20, and 49 postinfection, and the survival of each mutant in the lungs, spleen, and liver was analyzed. An extra time point of 98 days postinfection was incorporated in the group infected with mmpLS pool. The lungs, spleens, and livers were homogenized in phosphate-buffered saline and plated on Middlebrook 7H10 solid medium (Difco) supplemented with 0.5% glycerol, 10% (vol/vol) oleic acid-albumin-dextrose-catalase (OADC; Becton Dickinson), 0.05% Tween 80, 50 g of cycloheximide/ml, and 20 g of kanamycin/ml. More than 10,000 colonies per organ were scraped and pooled, and genomic DNA was prepared as described previously (2) .
Probe preparation. A total of 2 g of genomic DNA prepared from pooled colonies from lung homogenates at each time point were combined, digested with AluI, and ligated to an adaptor, a blunt-ended double-stranded DNA made of the oligonucleotides AdTOP (5Ј-GTAATACGACTCACTATAGGGCACG CGTGGTCGACGGCCCGGGCTGGT) and AdBTM (5Ј P-ACCAGCCCGGG C-NH 2 ). The junctions of transposon insertion sites were selectively PCR amplified by using a transposon-specific primer HimarSP1 (5Ј-ACCAATAGGCC GAAATCGGCAAAATCC) and an adaptor-specific primer AP1 (5Ј-GTAATA CGACTCACTATAGGGCAC) with 28 cycles of 94°C for 30 s, 55°C for 25 s, and 72°C for 45 s. The presence of the 3Ј amino group in AdBTM allows only the de novo-synthesized DNA to act as a template for primer AP1 to anneal and extend (28) . Next, nested PCR was done with primers HimarSP2 (5Ј-CCGAGATAGG GTGAGTGTTGTTCCAG) and AP1a (5Ј-ACTATAGGGCACGCGTGGTCG ACG) with 28 cycles. followed by incorporation of amino-allyl dUTP with the nested primers Himar7F (5Ј-GGGTCTAGAGACCGGGGACTTATC) and AP1a by using the same PCR cycles as described earlier. The PCR products were then coupled with fluorescent dyes Cy3 or Cy5 for 1 h at room temperature (Atlas Fluorescent Labeling Kit; Clontech). Probes prepared from the input pool (1 day postinfection) and output pools were cohybridized to custom microarrays, incubated, washed, and scanned by using Genepix Axon 4000B. Probe preparation and microarray hybridizations were repeated eight times, which included inverse labeling, for each sample pair.
Microarray analysis. Six different microarray sets, one for each pool and one for pools E and mmpLS, were printed on poly-L-lysine-coated glass slides. The microarrays contain spots of ca. 60 base oligonucleotides corresponding to the sequence at the junction of each transposon insertion. Each oligonucleotide, 50 M in 3ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), was spotted four times in tandem as internal controls to ensure the consistency of the data. Positive controls consisting of equimolar mixture of each oligonucleotide, and four negative controls representing junctions of mutants not present in the pools were also spotted. The data were analyzed by using a custom developed program by using statistical R language.
RESULTS
DeADMAn offers specific, high-throughput detection of attenuated mutants. A prior study identified the site of Himar1 transposon insertion in 1,425 mutants of M. tuberculosis (20) . With a priori knowledge on the genotype of each mutant, we designed 60-base oligonucleotides specific for the genomic DNA adjacent to the distal end of the transposon in 530 of these mutants (representing mutations in 514 unique genes) and used the oligonucleotides to print custom microarrays to probe the mutants (Fig. 1) . Randomly sampled mutants from the collection were grown individually in culture, and 530 mutants that grew at a similar rate were selected (a step which ensured equivalent in vitro growth rates of mutants) and combined into pools of 100 or fewer mutants per pool. To test the sensitivity of our arrays, chromosomal DNA was isolated from the newly mixed pools, and PCR with a primer specific for the distal end of the Himar1 transposon was used to generate probes spanning the transposon insertion sites of mutants in the pool. The junctional PCR products were fluorescently labeled and hybridized to the designer oligonucleotide array specific for the pool. These preliminary evaluations revealed that in all instances 100% of the member mutants of each pool were detected by microarray; moreover, negative control spots (60-mers specific for mutants not present in the pools) and positive control spots (a mixture of all 60-mers printed on the array) routinely gave negative and positive signals, respectively, as expected.
Based upon the sensitivity and specificity of DeADMAn in vitro, we proceeded to test the technique in vivo with BALB/c mice. Mice were infected intravenously with ϳ10 6 CFU of M. tuberculosis pools with complexities of 100 or fewer unique mutants. To determine the composition of the surviving members of the mutant pool after in vivo growth, pools were assessed by harvesting lungs, spleens, and livers from groups of mice on days 1, 20, and 49 after challenge. Organ homogenates from these animals were plated on solid medium, and no fewer than 10,000 colonies from these pools were collected and used for the amplification of junctional PCR products representing the various pools. In all instances, junctional PCR products from the in vitro grown pool and from the day 1 lung, spleen, and liver homogenates showed nearly 100% detection of member mutants by DeADMAn, thus corroborating our in vitro sensitivity and specificity data. Mutants that were impaired for in vivo growth or survival were readily detected by the abundance of probe from the input compared to the output time point (Fig. 2) , indicating the quantitative nature of the tech- Step i) The input and output probes, which are labeled with Cy5 (red) and Cy3 (green) dyes, are cohybridized to custom microarray, and the relative levels of probes corresponding to each mutant are determined. A mutant attenuated for in vivo growth would be absent or underrepresented in the output pool, and this phenotype would be revealed by overabundance of the Cy5-labeled input probe producing red spots. Spots that appear yellow-orange result from the presence and cohybridization of both the input (Cy5) and output (Cy3) probes.
nique. Although probes were generated by PCR of the unique junctions of transposon insertion sites, DNA from both input and output pools were amplified under identical conditions to minimize PCR-related artifacts. Indeed, not all pooled amplifications reflected actual quantitative differences between strains when DeADMAn results were analyzed independently by testing with mutant-specific PCR amplifications.. As presented in supplementary data (www.hopkinsmedicine .org/TARGET/GenTools.htm), while 37 mutants gave low output/input ratio, 5 (13.5%) were false positive since the corresponding mutants could be readily detected when tested individually by specific PCR. However, it is important to note that most of the quantitative differences observed in DeADMAn indeed reflect corresponding difference in population size of different mutants in the lungs of mice. We tested in vivo growth kinetics of mutant H28, in which the rel Mtb gene is disrupted by transposon insertion at position ϩ322, in a granuloma model of tuberculosis to test our DeADMAn results that are based on competitive assay in a mixed pool. The mutant was severely attenuated for growth in vivo by 21 days postinfection, whereas there was no difference in growth in vitro compared to the wild type (18) .
A small proportion of in vitro nonessential genes are essential for in vivo growth. As assessed by CFU counts in the organs, the mutant pools behaved the same as wild-type M. tuberculosis, displaying normal growth with initial rapid multiplication, followed by plateau in mouse lungs, but in contrast showing declining counts in the spleen and the liver (Fig. 3) . The 530 unique mutants were grouped in seven different pools and screened for in vivo survival in mouse lungs for 7 weeks by DeADMAn. Of the 530 mutants evaluated (see Table 3 at www.hopkinsmedicine.org/ TARGET/GenTools.htm), 32 mutants with transposon insertions in 31 unique genes resulted in in vivo growth attenuation at the 7-week time interval in mouse lungs (Tables 1 and 2 ). This result suggests ca. 6% of the in vitro nonessential genes to be differentially required for growth in vivo in mouse lungs by M. tuberculosis CDC1551. Similar results were obtained for growth in mouse spleens by M. tuberculosis H37Rv (27) . A total of 94% of the mutants did not show a significant in vivo survival defect. Therefore, these genes are not essential for 7-week in vivo survival in mouse lungs.
The identification of 32 mutants attenuated in vivo in mouse lungs was independently verified by specific PCR amplification of transposon site junctions from mutants that showed growth attenuation by DeADMAn ( Fig. 4A and B) . A negative control, one of the mutants that was not defective for in vivo survival, was included for each PCR amplification. With exception of mutants H274, H292, H445, H844, and J41, all of the mutants identified by DeADMAn showed concordance with the PCR detection procedure. A wide range of gene activities are required for growth and multiplication of M. tuberculosis. Most of the genes required for 7-week in vivo survival in mouse lungs have reported functions. Of the 31 genes described in Tables 1 and 2, 11 are involved in metabolism (functional groups 1 and 7), 11 in cell wall processes, 2 in regulation, and 1 in adaptation. In addition, five are annotated as conserved hypotheticals and one is annotated as hypothetical since they do not show significant homologies to proteins with known function.
DeADMAn analysis indicates that the rel Mtb gene is required for short-term survival in mouse tissues. Mutant H28, one of the 100 mutants that comprises pool A, with a disruption in the rel Mtb (MT2660/Rv2583c) gene, is significantly attenuated for lung in vivo growth at the 7-week time point (see Fig. 4 ). rel Mtb encodes GTP pyrophosphokinase which catalyzes the reversible synthesis of (p)ppGpp (3) . In E. coli, there are two homologues of the M. tuberculosis rel gene (rel Mtb ), relA, and spoT that code for a (p)ppGpp synthase and pyrophosphatase, respectively (6) . Since the (p)ppGpp molecule is synthesized by RelA in response to low amino acid concentration and elevated levels of uncharged tRNA, conditions characteristic of nutrient starvation, RelA is thought to mediate the cell's response to nutrient deprivation. Recently, an M. tuberculosis H37Rv rel Mtb mutant was shown to have a defect in long-term persistence in C57BL/6 mouse lungs after aerosol infection with nearly normal tissue CFU counts at the 5-week time point but a 2-log decline in lung CFU counts at 38 weeks (11) . Our results show that when probed at 49 days after intravenous infection of BALB/c mice, the rel Mtb mutant had failed to proliferate and was difficult to detect. Similar observations were made in a granuloma model of tuberculosis in which the rel Mtb mutant was encapsulated within semidiffusible hollow fibers placed in the subcutaneous space of mice (18) . These observations in our DeADMAn system suggest that, in addition to having a role in long-term persistence, the rel Mtb gene may also be important for short-term survival in certain in vivo situations. Similarly, mutation of the gene panD, which codes for aspartate-1-decarboxylase, produced a strain that was attenuated in our screen. A previous report also demonstrated that the mutant lacking genes panC and panD was highly defective for in vivo growth (24) . Thus, in addition to identifying genes not previously reported to be associated with pathogenesis, the DeADMAn approach readily identified two genes, rel Mtb and panD, which have previously been shown to be required for full virulence of M. tuberculosis.
Many members of the mycobacterial membrane large and small protein family (mmpL/S) are important for growth in vivo. A family of genes annotated as mycobacterial membrane protein cluster consists of 17 members; 12 genes that encode large (mmpL1 through mmpL12) proteins and 5 that encode small ones (mmpS1 through mmpS5) (7). These mmpL genes belong to the resistance-nodulation-division protein superfamily (30), but several domains in the MmpL proteins are unique to mycobacteria. Proteins of the resistance-nodulation-division family are involved in the transport of a range of substrates across the membrane by using the transmembrane proton gradient. The mmpL genes, except for mmpL6, are ca. 3 kb in size and encode proteins that have between 10 and 13 transmembrane regions, as predicted by TMPRED (http://www.ch.embnet.org/software/TMPRED_form.html). Although it is clear that the mmpL genes are not essential for growth in vitro, the same is not true for survival in vivo in the mouse. MmpL7 is involved in the transport of phthiocerol dimycocerosates, and a mutant lacking this gene activity was severely attenuated for growth in the lungs but not in the spleens and liver (4, 10) . MmpL8 is involved in biosynthesis of sulfolipid-1 and may be required for growth and persistence in vivo (9, 12) . In addition, in vivo growth of mmpL2, mmpL4, and mmpL7 mutants were observed to be compromised when signature-tagged transposon mutants of M. tuberculosis Mt103 were screened (5). The effect of mutations in other mmpL and mmpS genes for in vivo survival is not known. We tested a pool of 18 mutants with mutations in mmpL and mmpS genes, which includes all family members except for mmpL3 and mmpS1, mmpS4, and mmpS5 (Table 2 ). In addition, an attenuated mutant, H28 (the rel Mtb mutant), was included as a positive control, and a nonattenuated mutant, H289, with a disruption in a conserved hypothetical gene (MT2749/Rv2675c), was included as a negative control. This pool of mmpL/S mutants showed normal in vivo growth in the lungs, spleen, and liver over a time course of 98 days postinfection (data not shown). Mutants with disruptions in mmpL4, mmpL5, mmpL7, mmpL8, mmpL10, and mmpL11 showed significant attenuation for growth in the lungs, whereas the mmpL1, mmpL2, mmpL6, mmpL9, and mmpL12 mutants did not show an in vivo survival defect (Table 2 and Fig. 4 ). Only the mmpL4 mutant showed a survival defect in the spleen, whereas other mutants were not affected in this organ. Interestingly, the degree of in vivo growth attenuation due to mutations in these is not the same. As may be seen in Fig. 4C , the mmpL4 and mmpL10 mutants were highly attenuated compared to the mmpL7 and mmpL11 mutants. Some of the mmpL mutants were included in pools other than mmpL/S pool (see data at www.hopkinsmedicine.org/TARGET/GenTools.htm) as controls for variation in pool complexity to test for their in vivo growth kinetics. Both mutants, G815 (from pool D) and R285 (from pool mmpL/S), with transposon insertion in mmpL8 at positions ϩ68 and ϩ53, respectively, showed attenuation. Only mutant R285 is reported in Table 2 , since the table includes information for all of the mutants that comprise the mmpL/S pool only. The growth data of mutant G815 is available online(see supplementary table at www.hopkinsmedicine.org/TARGET/GenTools.htm) and is not in Table 1. Mutants R294 and G868 have transposon insertion in the same gene, mmpL5, which is 2,895 bp long, at positions ϩ899 and ϩ1773 from the translation start site (Table 2) . Only R294 showed growth attenuation, suggesting that the disruption was 5Ј enough to interfere with the gene activity. The region between ϩ899 and ϩ1773, perhaps, encodes the essential activity since mutations at the two sites produce different outcomes. The segment encoded by the region located 3Ј to position ϩ1773 may be dispensable to the activity of mmpL5 protein, but this hypothesis remains to be tested. Interestingly, disruption in the 3Ј region of the gene mmpL10 (ϩ2828) still abolishes its activity since this mutant showed severe in vivo growth defect. This observation suggests that the C terminus of mmpL10 is essential for its activity.
Most of the 31 in vivo attenuating mutations occur in genes conserved in other species of mycobacteria. All of the mmpL genes for which homologues exist in M. leprae are required for 7-week in vivo survival by M. tuberculosis in mice ( Table 2) . None of these four mmpL homologues are pseudogenes in M. leprae despite the fact that 27% of the genes of this organism appear to be decayed, nonfunctional gene remnants (8) . M. bovis possesses homologues of not only the six mmpL genes that are important for M. tuberculosis mouse survival, but also for all of the other mmpL and mmpS genes present in M. tuberculosis. Of the 25 non-mmpL/S genes that are required for M. tuberculosis in vivo survival, 22 have homologues in M. leprae, a disproportionately high fraction since the M. leprae genome possesses homologues to only ca. 40% of the M. tuberculosis genetic complement (8) . Of these 22 M. leprae homologues, 3 (ML2444, ML1545, and ML0812) are predicted to be transcriptionally silent pseudogenes. Although M. leprae is different from M. tuberculosis in its preferred growth niche, doubling time, and pathogenesis, it appears that the two species have common requirements for in vivo survival since the majority of the genes required for mouse survival of M. tuberculosis are also conserved in M. leprae. However, M. bovis possesses homologues of all of the aforementioned M. tuberculosis genes that are important for growth in vivo. This observation is concordant with the fact that both species of mycobacteria share the same growth niche.
DISCUSSION
The genome sequence and development of numerous genetic tools for mutating M. tuberculosis has made the develop- G532  2,877  1222  mmpL1  0412  0402c  N  E168  2,907  458  mmpL2  0528  0507  N  H446  2,907  2203  mmpL2  0528  0507  N  G168  2,904  1217  mmpL4  0466  0450c  2378  Y  5; this study  R294  2,895  899  mmpL5  0705  0676c  Y  This study  G868  2,895  1773  mmpL5  0705  0676c  N  H293  1,194  921  mmpL6  1608  1557  N  G263  2,763  630  mmpL7  3012  2942  0137 ment of a comprehensive set of mutants of nonessential genes a realistic goal. Single mutant animal infections to detect virulence defects, although a commonly used tool, is labor, time, and resource intensive and is unlikely to comprise a practical approach for evaluation of the ca. 4,000 genes of M. tuberculosis. We sought a way to increase the throughput of mutants tested for animal survival in a manner that was sensitive, specific, and exploited the availability of archived mutant collections.
FIG. 4. (A)
Microarray with input probes labeled with Cy5 (red) and output probes labeled with Cy3 (green) that were prepared by using colonies obtained from the lungs of mice. Each oligonucleotide represents a junction sequence for a mutant and is printed four times. The mutants that were underrepresented in the output pool (attenuated for in vivo survival) have proportionately more Cy5 probe and produce red spots on the array. There are four controls on this array: (i) H28 is a mutant from a different pool, pool A, that was observed to be attenuated and was used in this pool as a control; (ii) H289 is another mutant from pool A that was not attenuated; (iii) spots labeled as positive controls contain a mixture of all of the oligonucleotides printed on the arrays and thus is an internal positive control; and (iv) spots labeled as negative controls are oligonucleotides representing four different mutants from a different pool and thus serve as internal controls for background noise. (B) Agarose gel electrophoresis showing PCR amplicons of junctions of H28 and H289 (control). Lanes 1, 2, and 3 represent mutants recovered from lungs of three mice sacrificed at 1 day postinfection (input pool). Similarly, lanes 5, 6 and 7, and 8, 9, and 10 represent mutants recovered from three mice sacrificed at 49 and 98 days postinfection, respectively. Lane 4 is 1-kb plus marker (Invitrogen). (C) Six mmpL mutants and a control, H28, are compared against H289 for growth in vivo. Mutants H28 and H289 were used as controls based on their phenotypes from an earlier experiment. H28 is one of the 100 mutants of pool A and was observed to be attenuated. H289 is another mutant from pool A that was not attenuated for growth in vivo. Growth index refers to the population of each mutant, as measured from signals from the DeADMAn arrays, in the lungs of mice relative to the population of the positive control strain H289. The errors bars represent the standard deviation. In previous studies, a procedure called TraSH (transposon site hybridization) was developed for subtractive detection Himar1 transposon insertion mutants of M. tuberculosis attenuated for in vivo growth in mouse spleens (26, 27) . Using pools of undefined Himar1 mutants, TraSH identified 194 genes required for M. tuberculosis survival in mouse spleens at 8 weeks. With the TraSH procedure, whole genome spotted microarrays with low representational density (spotted target sequence per gene Ͻ Ͻ length of the gene) are used to detect the dropout of attenuated mutants from complex input pools comprising tens of thousands of mutants. Because the arrayed DNA is not fully representational of the full length of each gene, only a fraction of the junctional tags from transposon mutants in the pool share complementarity with the array, leading to incomplete detection specificity and sensitivity. Moreover, the TraSH approach is nonarchival, that is, mutants of interest are part of a complex, mixed pool and must be isolated or recreated for further study. Although it requires an initial investment in the characterization and deposition of defined transposon mutants, the DeADMAn approach offers specific information on the in vivo survival phenotype of each evaluated mutant, is semiquantitative, and retains each mutant for subsequent study.
Using the mouse model of tuberculosis, only a limited number of bacilli, between 10 4 and 10 5 at most, may be delivered to the lungs via tail vein inoculation. Infection via the aerosol route would closely mimic the natural mode of infection but it is not suitable to consistently deliver the large number of different mutants required for high-throughput screening since only a few thousand bacilli can be deposited in the lungs of mice by this method. Although higher inocula may be delivered to the spleen, this organ is not the natural site of tuberculosis infection and may be less relevant to the pathogenesis of the disease. In addition, the requirements for virulence in the two organs are not the same; for example, the mmpL7 gene is required for growth only in the lungs and not in the spleen or the liver (10) . As discussed in this report, DeADMAn revealed that only the mmpL4 mutant showed growth defect in the spleen, whereas six different mmpL mutants were attenuated in the lungs (data not shown).
In view of the numeric limitations on the number of bacilli that may be reproducibly deposited in the mouse lungs, we chose pool complexities of Յ100 mutants. From a pilot study, a pool of Յ100 mutants appeared to be an optimal compromise between the number of different mutants and the inoculum of each mutant that can be delivered to the lungs on the one hand and the specificity of detecting them on the other. Hensel et al. working with Salmonella enterica serovar Typhimurium also observed that a pool containing 192 unique mutants did not give reproducible hybridization results, whereas a pool with 96 mutants did (15) . The custom arrays used in the present study were designed specifically for identification and quantification of the mutants. The one-oligonucleotide-onemutant design of DeADMAn greatly increased specificity compared to the whole-genome arrays and reduced the number of false-positive results.
The mutants that were observed to have in vivo survival defects in the present study have in vitro growth rates similar to those of the parent wild-type strain when cultured in Middlebrook 7H9 and 7H10. Inactivation of some genes showed severe in vivo survival defects which were detectable at 20 days, whereas other genes contributed moderately to in vivo survival, requiring 49 days of infection to discern survival attenuation for those mutants. The data obtained at 20 days postinfection were similar for most mutants and thus not as decisive as that obtained at 49 days (data not shown). The study with mmpL/S pool was extended to 98 days to test the observations made at 49 days postinfection. As discussed above, the rel Mtb mutant showed similar phenotypes at both time points. Similar observations were made for other mutants of the pool. Thus, 49 days postinfection is an appropriate time to screen for attenuated mutants.
The DeADMAn approach may miss mutants defective for in vivo survival that may be rescued by extracellular complementation. Mutants defective in the production of secreted factors, such as siderophores or autoinducers, for example, which may be essential for in vivo survival, might conceivably be rescued by other members of the pool proficient in synthesis of such factors. Another limitation of the DeADMAn approach is that it would be unlikely to detect mutants defective in eliciting tissue pathology though still able to proliferate in vivo. These mutants, known as immunopathology mutants, generate a bacterial burden similar to that of wild type but show diminished pathology in the mouse model of tuberculosis (16) . Notably, inactivation of the putative transcriptional regulator whiB3 and sigma factor H, sigH, genes results in such phenotypes (19, 29) .
A large number of M. tuberculosis genes are arranged in operons and inactivation of the upstream genes may lead to a polar effect if the polycistronic messages are translationally coupled. The genes identified in our study may be in operons, and the in vivo growth defect observed could be due to polar effects on the gene(s) downstream of the mutated gene. In silico analysis showed 11 of the genes identified in Table 1 are likely to be arranged in operons. The genes MT0110 (Rv0101), MT0684 (Rv0655), MT0694 (Rv0666), MT1276 (Rv1238), MT1847 (Rv1798), and MT3706.1 (Rv3601c) seem to be arranged in operons but are located at the distal end. Therefore, disruption of these genes is unlikely to have polar effects. The gene MT0106 (Rv0097) appears to be in an operon consisting of six genes: MT0105 (Rv0096) through MT0110 (Rv0101). Thus, mutation in MT0106 could lead to a polar effect, and a loss of function of the downstream genes may be incorrectly attributed to this gene. Indeed, mutations in MT0110 were observed to result in growth attenuation. Similarly, the genes MT1624 (Rv1589), MT2299 (Rv2239c), MT2999 (Rv2930), and MT3382 (Rv3283) are likely arranged in operons and have at least one gene downstream of their location. Indeed, MT2999 (Rv2930) is part of an operon with 10 genes in M. tuberculosis Mt103 (4). Inactivation of the aforementioned genes may have polar effects, in which case these genes would have indirectly contributed to the observed in vivo growth attenuation.
The 31 genes identified in the present study are required for in vivo survival but are dispensable for in vitro growth. Some of the genes reported here, namely, fadD26, mmpL4, mmpL7, mmpL8, panD, and rel Mtb , have been previously shown to be required for growth in the lungs of mice (5, 9, 11, 24) . A subset of the genes on our list were also reported to be necessary for growth in the spleen of mice by TraSH (Tables 1 and 2 ), whereas some of the genes proposed to lead to in vivo atten- uation did not show growth phenotype in our analysis (27) .
Other genes, such as leuD and icl, that were not studied here have been implicated in the growth and survival of M. tuberculosis (16, 17, 22) . The DeADMAn subtractive mutant competition assay is a powerful new tool for high-throughput, yet specific identification of bacterial genes required for in vivo survival in animal tissues. Significant advantages of the technique are that it is archival permitting immediate access to mutants of interest and that it is semiquantitative, allowing mutants of various degrees of attenuation to be identified during the initial screen. Tools of this nature may permit rapid, comprehensive determination of the animal phenotypes of virtually all mutatable genes in a bacterial genome.
